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Summary

The crosshole audiofrequency ekctromagnetic response of
vein-type conductors has been studied numerically using an integral
equation method. A modeling program has been developed and
tested to calculate the fields due to multiple thin conductors embed-
ded in a conductive host rock. Both electric and magnetic dipole
downhole sources can be treated. The purpose of the study is to
investigate the detectability and characterization of thin conductors
such as mineralized veins and fracture zones missed in drilling.

A number of tests cases have been run to check the accuracy
of the code, and to study the effects of the interactions between con-
ductors, We find that coupling effects between conductors may
enhance or reduce the secondary field compared to the simple addi-
tive fields of the individual conductors. The interactions depend on
the geomeiry of conductors in relation to the sourcefdetector. The
program is very efficient, but is presently limited to non-intersecting,
homogeneous conductors.

Introduction

Current interest in mineral exploration and fracture mapping
has prompted many studies on the use of surface-to-borehole and
crosshole electromagnetic techniques to search for tabular conduc-
tors, Of particular interest to us is the problem of detecting and
characterizing vein-type conductors missed in drilling. In the case
where a single hole is available, in-hole VHF pulse radar and ultra-
sonic acoustic techniques have been considered as ways of searching
for reflectors (Chang et al., 1984). The detection of tabular 3D con-
ductors using surface-to-borehole controlled-source AMT has been
studied by means of numerical models (West and Ward, 1988). In
the case of two or more boreholes, both ultrasonic acoustic wave
tomography (King ¢t al., 1984; Peterson et al,, 1985) and radar fre-
quency electromagnetic tomography (Ramiirez et al., 1982) have been
used to image tabular conductive features located between strings of
transmitters and detectors in separated holes.

Our study has concentrated on the use of subsurface audiofre-
quency electromagnetics (frequency range of 300 Hz to 10 kHz) for
the detection of conductive veins embedded in a less conductive host
rock. Previously developed 3-D numerical modeling programs (Lee
et al.,, 1981; Xiong et al., 1986, among others) have limitations: they
require an enormous amount of computing time, are lLimited to only
surface sources/detectors, and/or can handle a single conductive tar-
get (Zhou et al., 1987).

Figure 1 gives a schematic description of the problem under
study. From a geological perspective it includes fault-offset veins,
or, as shown here, fault-offset massive sulfide lenses. Both fissure-
filling veins and massive sulfide lenses can be treated &s segments of
thin rectangular bodics for this study. Each body is defined by a set
of geometrical parameters (Fig. 2) and a fixed thickness-conductivity
product (the sheet conductance), which in most geological situations
ranges from a fraction of a Siemen to over 100 Siemens. The algo-
rithm can be extended to an inhomogenecus conductor, but this has
not yet been programmed.

The mathematical formulation and numerical solution

(1) The thin conductor model

The mineral veins are represented by rectangular thin-sheet
conductors (two in the case shown in Fig. 2) of size a; by b&;,
i=1,2..ns, where as is the number of targets. The tops and bottoms
of the rectangular conductors are horizontal, and they are assumed to
be thin relative to the EM wavelength so that only the conductances,
1;, are important. This simplification is justified if the tangential
electrical field E, on the thin conductor varies slightly across its full
thickness.

The conductors are located in a half space of conductivity &,.
Above the half-space is an overburden with conductivity ¢, and
thickness D. The strike angle of the i-th sheet is denoted by v; and
its dip angle by ;. The coordinates of the center of the top edge are
X 1is X5, H;), where H; is the depth to the horizontal top of the i-th
fracture from the surface. The source, at a depth of H,,, is harmonic
in time (¢'™). The depth of the receiver is represented by H,,. In
the crosshole cases, the separation between transmitting and receiv-
ing holes is X4, (i.c., both holes are vertical), and transmitter and
detector are at the same elevation for each measurement. In the
single-hole case, not treated here, the source and the receiver are
separated by a fixed vertical distance L for each point of measure-
ment.

In these calculations we use a vertical magnetic dipole
wansmitter with moment of one. Displacement currents are
neglected, and the magnetic permeability, Mo, is assumed to have the
free space value. In addition, the boreholes arc assumed to have
zero dismeter and have no influence on the fields.

(2) The derivation of the integral equations and their solution

The approach used 1o calculate the frequency-domain magnetic
field responses is follows from the algorithm developed by Weidelt
(1981) who calculated the magnetic ficld anomaly due to a thin con-
ductor for source and receiver in the air. We have reformulated the
algorithm to investigate the EM responses from multiple thin conduc-
tors and subsurface sources and receivers.

Beginning with Maxwell’s equations and the assamption that
the displacement current is negligible, one arrives at the following
integral equation for the tangential electric fields on the i-th thin
conductor

B0 = Eu(r0 - 10803, [, 40 2 (r00) B0, D)
2

where g,z is the Green's dyadic function relating the electric field on
the i-th sheet to that on the j-th sheet. Similarly, the magnetic field
at any point in the space is given by
~
Hrg =H, 09+ X o, ¢ O E, ) Voxglemds. @)
j=l

Here E, is the tangential electric field on the sheet, and E,, is the
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incident tangential electric field on it. Likewise, H is the total mag-
netic field and H, is the incident (primary) magnetic field at the
point of observation. g(ry/r) is the Green's dyadic functions relating
the tangential current distribution on the sheet with the electric fields
everywhere. The conductance 1(r) is the sheet conductivity-
thickness product, which will be assumed to be a constant on each
thin sheet.

Both the incident fields E,, and H, and the Green's dyadic
functions g and g,; are related to the dipole fields in a layered
medium (3 layers considered here) and are easy to evaluate (Lajoie
et al,, 1976; Johannsen et al., 1979; and Weidelt, 1981). Afier the
targets are discretized and E,, and g, are calculated, equation (1) is
then solved for E,, which is then used in equation (2) together with
the calculated H, and Vg to obtain H at the receiver sites. For
the examples shown here, we display only the in-phase and quadra-
ture components of the vertical secondary magnetic field; i.., the
vertical component of the integral term in equation (2).

(3) Accuracy

Several numerical tests were made to check code accuracy.
The first test was to check the convergence of the in-phase and qua-
drature fields as the number of surface elements (s;) that make up
conductor increases. The second test was to check reciprocity by
interchanging source and detector. Thirdly, we checked the code by
running several cases for two identical, parallel conductors at
decreasing separations. In the limit; i.e., nearly zero separation, their
EM responses are the same as from a single conductor with twice the
conductance. Lastly, using a single conductor we compared the
results to those generated using existing programs (Dyck et al., 1980;
Zhoy et al., 1987) for both electric and magnetic dipole sources.

On the basis of these tests we have concluded that the code is
self-consistent and compatible with others.

Examples of the interactions between conductors

Two models are shown that illustrate the enhancement and
reduction of the secondary responses due to the presence of multiple
conductors. The calculations are shown for 3 kHz because the
secondary fields are relatively large at this frequency. Figures 3a
and 3b show the secondary magnetic fields when two identical verti-
cal thin sheets lie between source and receiver holes. As we can see,
the response from both conductors is much less than the sum from
two individual conductors. Here, the interaction between the two tar-
gets weakens the total secondary response. On the other hand, plac-
ing the source and receiver holes midway between two vertical con-
ductors (Fig. 4a), the secondary field for the two conductors is much
larger than the sum of the responses of two single conductors. This
can be explained as due to additional secondary currents on the two
conductors because of a mutual inductive coupling effect. These two
examples reveal that the total secondary field generally cannot be
approximated by simple addition of the individual responses.
Whether multiple targets increase. or decrease the total secondary
field depends on the relative positions of the source, receiver, and the
conductors. Comparing Figures 3 and 4, we can also see that the
quadrant of the secondary field depends on where the conductors are
in relation to the holes. The quadrant and amplitudes of the
responses are also frequency dependent.

Conclusions

The test runs confirm the accuracy and efficiency of the code,
and illustrate that electromagnetic effects between conductors may
either enhance or reduce the amplitude responses compared to the
simple additive responses of the individual conductors. The
numerical examples also show that the quadrant of the secondary
magnetic field depends on the location of the conductor(s) relative to
the source-detector holes.

EM waves at audiofrequencies have a large depth of penetra-
tion, and it should be possible to develop suitable borehole instru-
ments. The advantage of a vertical detector, as simulated in these
calculations, is that the vertical component of the natural audiofre-
quency electromagnetic field (natural noise) is very small; much
smaller than the man-made signal and theoretically zero where the
earth is horizontally layered or homogeneous (Wes! and Ward, 1988).
In the case where transmitter and detector are at the same elevation
in their respective boreholes, the primary vertical magnetic field is as
large or larger than the secondary (anomalous) field due to the con-
ductors, and it varies with depth below the overburden layer. For
these reasons, and the need for broad-band measurements, a time-
domain system seems like a more logical approach to crosshole EM.

The computing time for 20 crosshole source-receiver positions
in a model containing two thin conductors of finite dimensions,
buried beneath an overburden layer is about 60 seconds on an IBM
3090 computer.
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FIG. 2. Parameters used in multiple sheet code.
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FiG. 3a. Two identical con-

ductors between boreholes.
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FiG. 3b. In-phase and quadrature responses of case in

Figure 3a at 3 kHz.
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FiG. 4b. In-phase and quadrature responses of case in

Figure 3a at 3 kHz.
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